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Homology in the Flanking Regions 
By  Deborah L. Galson, Chorh C. Tan, Peter J. Ratcliffe, and H. Franklin Bunn 
Considerable  insights into important cis  regulatory ele- 
ments in a gene can be gleaned from the identification of 
sequence homologies among different species. To extend 
and optimize the sequence comparison between human 
and mouse erythropoietin (Epo) genes, we have obtained 
new human sequence from 5,547 to 385 bp upstream of 
the cap site and extended the 3 flank by 489 bp. In addi- 
tion, we have obtained new sequence information on the 
mouse Epo gene extending from within the 3 untranslated 
region (UTR)  to 1,001 bp downstream of the polyadenyla- 
RYTHROPOIETIN (Epo) is a 30.4-kD glycoprotein  E  hormone that regulates red blood cell production.’*2 
The synthesis of  Epo in the kidney and liver is strongly 
induced by hypoxia, thereby contributing to a physiologi- 
cally appropriate negative feedback loop. The human fetal 
hepatoma cell line Hep3B produces Epo in a regulated man- 
ner: when challenged with hypoxia, the level of Epo mRNA 
increases 50- to 100-f0ld.~.~  Hep3B cells have been used ex- 
tensively to test the cis-acting elements of the Epo gene.’-’’ 
Several groups have shown by transfection experiments that 
there is an enhancer element, located just downstream of 
the polyA addition site in both the human and mouse Epo 
genes, that confers a fourfold to eightfold induction in re- 
sponse to  More recently, a minimal 40-bp region 
within the Epo promoter has been shown to cooperate with 
the 3‘ enhancer to give a 40-fold hypoxic induction.’ 
Transgenic  mice studies have demonstrated  that if the 
integrated human Epo gene includes 0.4 kb of the 5’ flank- 
ing sequence and 0.7 kb of the 3’ flanking sequence, the 
transgene is inducible only in the liver and is constitutively 
expressed in other tissues that do not  normally produce 
Epo. However, if the transgene includes 6 kb of the 5’ flank- 
ing sequence, constitutive expression in inappropriate tis- 
sues is suppressed, but kidney expression is also absent.’’,l2 
To have inducible Epo expression in the kidney, the trans- 
gene must include 14 kb of the 5’ flanking sequence.13 
The identification of sequence homologies among differ- 
ent species can provide further insights into the regulation 
of the Epo gene. To date, the 3,602 bp of published human 
Epo sequence extends from 385 bp upstream of the tran- 
scription start site to 263 bp downstream of the polyade- 
nylation  The 6,857 bp of published mouse Epo se- 
quence extends from 3,379 bp upstream of the transcription 
start  through a portion of the 3‘ untranslated region 
(UTR) of exon 5 ending 587 bp downstream ofthe termina- 
tion of translation. In addition, there is a report of I26 bp of 
mouse sequence,  120 bp downstream of the polyadenyla- 
tion site.’ To  extend and optimize the sequence comparison 
between the human and mouse Epo genes, we have gener- 
ated extensive regions of additional human Epo 5‘ and 3’ 
flanking sequences, as well  as additional  mouse  Epo  se- 
quence starting within the 3‘ UTR and extending into the 3’ 
flank. New regions of strong homology have been identified. 
MATERIALS AND METHODS 
DNA and sequence analysis.  A 10.5-kb BamH 1 clone of geno- 
mic human  Epo in pUC19 was obtained from R. Young and S. 
tion site. Analysis  of these additional sequences  shows 
considerable homology between human and mouse Epo 
genes as far as 4 kb (human) or 3 kb (mouse) upstream of 
the cap sites, as well as far more homology at the 3 end 
than  was  previously  realized.  In addition,  both species 
were found to have a high frequency of short interspersed 
(SINE) repetitive sequences that interrupt homologies in 
both the 5 flank and within the transcription unit. 
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Orkin (Harvard Medical School, Boston, MA). A deletion series of 
the 5’ flank of the human Epo gene from the upstream BamH 1 site 
to the unique EcR  1 site was generated in the vector pXP2 as previ- 
ously described.’ This deletion series of the 5’  flank of  the human 
Epo gene was  used  as a template for dideoxy sequencing using 7- 
deaza-dGTP and Sequenase (U.S. Biochemical, Cleveland, OH) as 
described by the manufacturer. Initially, a primer to the polylinker 
of  pXP2  (S’-CCAAGCTCAGATCCAAGC-3’) was  used  to  se- 
quence the 5’  end of each deletion construct. Subsequent primers 
for further sequencing were derived from new Epo DNA sequence 
information. The DNA  sequence of the original  10.5-kb human 
Epo  fragment in pUC19 was obtained with forward and reverse 
primers bracketing the polylinker, as well as with the Epo primers 
derived above. All sequence coordinates are based on the arbitrary 
definition of the transcription start site (+ 1) as bp 385 of the Gen- 
Bank file HUMERPA (accession no. M1 131915).  The sequence of 
the 3’ flanking region from +2,940 to +3,198 of the human Epo 
clone described above was  previously reported by  us’  with  one 
error: a conflict with the HUMERPA file at position 3,434 (+3,050) 
T versus C  was not mentioned. Additional sequence 3’to  this region 
was determined by using a primer (5‘-TGTCTCCATTCAAGGCC- 
3’) to a region within the previously reported sequence. 
A phage, XMGla,16 containing approximately  15 kb of mouse 
genomic Epo, was obtained from C.B. Shoemaker (Harvard School 
of Public Health, Boston, MA). A 7.2-kb Xbal fragment from this 
phage was subcloned into pBluescriptKS(+)  and subsequently used 
as template for dideoxy sequencing as above. Initial primers were 
made  to  regions within  the previously reported  mouse  Epo  se- 
quence flanking the unsequenced region. The initial 5‘ primer (5‘- 
CTCAACTAGTGCCCTGC-3’) contained  nucleotides  3,825  to 
3,841 of  the GenBank  file  MUSERP (accession no.  M12482I6) 
within the 3’-UTR of the mouse Epo gene. We  found an extra C at 
3,875 bp (+3,465,  our numbering) of the MUSERP file. The initial 
3’  primer  (5’-GGGTCAAGAGGTCACCC-3’) contained nucleo- 
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tides 45 to 29 of the GenBank file S70695 (accession no. S70695’) 
within the putative 3’ flanking region ofthe mouse Epo gene. Subse- 
quent primers for further sequencing were obtained from new se- 
quence information, which included sequence 3‘ of the initial 3’ 
primer. The same region of 482 bp beyond the sequence in the 
MUSERP file was sequenced in an independent clone of genomic 
mouse DNA that was isolated from a X EMBL3 library of BALB/c 
mouse genomic DNA generated by Clontech’ (Palo Alto, CA) with 
only one base conflict at +3,901  (G v A). This clone was used to 
generate 756 bp of an additional 3’ flanking sequence. All sequence 
coordinates are based on the definition of the transcription start site 
(+1) as bp 41 1 of the MUSERP sequence file. 
To  identify regions of homology between human and mouse Epo 
regions, and to locate Alu, B1, and B2 repeat family elements, se- 
quences were  analyzed  using  the  Bestfit program”  with  a  gap 
weight of 5.0, length weight of0.3, average match value of 1.0, and 
average mismatch value of -0.9.  Although, other programs within 
the GCG package (eg, Gap) were also used to ensure that the analy- 
sis did not miss homologies or repeats, the final results given are 
from the Bestfit analyses as described above. 
Nucleotide sequence accession number.  The 5’  flank nucleotide 
sequence of the human Epo gene from BumH 1 to Hind3 has been 
assigned GenBank accession number M97764 (named HUMER- 
PALU). The 3‘ flank nucleotide sequence of the human Epo gene 
has been  assigned GenBank  accession  number L16588  (named 
HUM3PFEPO). The 3’  extension  of the  nucleotide  sequence of 
the mouse Epo gene has been assigned GenBank accession num- 
bers  L13456  (named  MUSERYTHRX)  and  X73471  (named 
MMERY). 
RESULTS AND  DISCUSSION 
We  sequenced  the  entire  upstream  region  contained 
within the  10.5-kb BamHl  fragment of genomic human 
Epo, as well as portions ofthe downstream region contained 
within the fragment. Two independently derived genomic 
clones of mouse Ep0’3’~  were used to sequence the end of the 
BamHl 
-5547  Alul  Alu2  Alu3 
500 bases 
MOUSE 
transcription unit and extend into the downstream region. 
Altogether, we have obtained 5,547 bp of human sequence 
upstream of the cap site, an additional 489 bp of human 
sequence downstream of the previously reported sequence 
(extending the  3’  flank), and  1,238 bp of  new  mouse se- 
quence extending  from  within  the  3’  UTR to 1,001 bp 
downstream of the polyadenylation site. Diagrammatic rep- 
resentations of the 5‘ flanks of the human and mouse Epo 
genes are shown in Fig I.  The 5-kb region ofthe human Epo 
5‘ flank upstream of bp -385  is responsible for the suppres- 
sion of constitutive expression in non-Epo-producing  tis- 
sues in transgenic mice.”,”  Sequence analysis of this region 
shows two major features. Extensive regions are homolo- 
gous in a colinear fashion to regions of the mouse Epo 5’ 
flank (Fig 1 and Table  1). Considering only the portion of 
the human 5’ flank (-4,028  to +27) for which there is com- 
parable mouse sequence (-3,378  to +25), there is a total of 
1,060 bp (26%) of the human sequence in segments which 
are, on average, 73.2% homologous to the corresponding 
segments of mouse sequence, which total  1,068 bp (3  1 %). 
The region of homology denoted as region A, which is ap- 
proximately 3 kb (in mouse) and 4 kb (in human) upstream 
of the transcription start sites, may extend further than de- 
picted in Table l, since the 5’ border is the upstream end of 
the known mouse sequence. The fact that the first 58 bp (5’ 
side) of this region are 86% identical, suggests that there is 
more homology extending upstream. 
A second feature shown by sequence analysis is the pres- 
ence of five copies of Alu repetitive elements (300 bp each) 
within the 5’ flank (Fig 1 [Alul-Alu5]), a frequency of one 
Alu element every 1,000 bp, or 29% of the region (Table 2). 
The human Epo gene additionally contains an Alu within 
IVS3  [Alu6],15 another  in  the  3’ flank depicted  in  Fig 2 
dr  Xbal 
-3379  81-a  B1-b  B2-a 
Fig 1.  Regions of homology between the human and mouse Epo gene 5 flanks. Schematics  of the human and mouse Epo gene 5’ flanks 
from -5,547  to +27 and -3,379  to +25, respectively. Boxes A to H indicate regions of greater than 23 bp having at least 67% homology 
between  the human and the murine Epo gene (see Table 1). Altogether, these regions average 73%  homology over 1,060 bp (human) and 
1,068 bp (mouse)  total. Although the spacing between these regions  in  the human  and mouse genes is not  the same, the sequential  order is 
identical. The region  designated  pF is repeated in  region F. Also indicated (by  arrows) are the five regions related to  the human repeat  family 
Alu (see Table 2). Alul through Alu5 are 68%  to 76%  homologous to  the previously identified Alu family member found in  the IVS 3 of the 
human Epo gene (Alu6).15  The orientation of each Alu element is indicated. A pair of overlapping  direct repeats of 24 bp each in  the human 
gene is  depicted. The human sequence graphic above includes  the 5.1 62  bp  of the new 5 flank sequence data in  GenBank file HUMERPALU 
(accession no. M97764) joined at the overlapping  Hind3 site to  the sequence data in GenBank file HUMERPA (accession  no. M113lgrs). 
The mouse sequence depicted above is  derived from the combination of the sequence data from two  GenBank files, MUSERPC (accession 
no. M2665226)  and MUSERP (accession no. M12482”),  joined at  the overlapping  Xba I  site. The B1 and 82  mouse repeat family members, 
as well as the direct repeats (27 bp each) previously identified,25 are indicated by arrows with the appropriate orientation. 
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(Alu7-inc), and at least one more approximately  1 kb 3’  of 
Alu7-inc. at the 3‘ end of the 10.5-kb BamHl fragment (D. 
Galson, unpublished data). In total, there are at least eight 
Alu elements in the 10.5-kb BamHl fragment (22%). The 
expected distribution of Alu elements in the human genome 
is 5% to lo%,  with an average spacing of 5,000 bp between 
Alu  family membersZ0s2’;  hence,  Alu  elements  are over- 
represented in the region of the human Epo gene. Flanking 
each of Alu 1 to Ah5  are characteristic imperfect direct re- 
peat~’”*~  12 to 22 bp long, with 83%  to 100%  identity within 
each pair. 
The murine Epo gene has a similar clustering of B  1 and 
B2 repeat elements in the 5’ flank25  and within the transcrip- 
tion unit (Figs 1 and 2, Table 3). The B1 repeat family is the 
murine homolog of the human Alu  Within the 
mouse 5‘ flank, there are two copies of B1  elements (Bl-a 
and -b) and one B2 element (B2-a) (Fig I), a distribution of 
one B1 element per 1,500 bp. There are three more Bl ele- 
Table 1.  Regions of Homology Between  the Human 
and Mouse Epo Genes 
Region  Span  Length (bp)  Gaps  % ldentitv 
~~  ~ 
A 
Human  -4,028  to -3,783  246  5  72 
Mouse  -3,378  to -3.1 25  254  2 
Human  -3,269  to -3,245  25  0  80 
Mouse  -2,732  to -2.708  25  0 
B 
Human  -2,855  to -2,742  114  0  67 
Mouse  -1,676  to -1,569  108  1 
Human  -2,757  to -2,632  126  3  72 
Mouse  -1,213  to -1,085  129  1 
Human  -1.61  1 to -1,523  89  1  70 
Mouse  -  1,000 to -89 1  110  0 
Human  -558  to -403  156  2  68 
Mouse  -552  to -422  131  2 
Human  -268  to -291  24  0  79 
Mouse  -303  to -326  24  0 
Human  -253  to +27  280  4  80 
Mouse  -262  to +25  287  3 
Human  +2,200 to +2,627  428  1  74 
Mouse  +2,704 to +3,128  425  2 
Human  +2,618 to +3,315  698  9  69 
Mouse  +3.370 to +4.073  704  9 
The regions of homology between the human and mouse Epo se- 
quences were determined as  described in the  Methods. The  span, 
length, and number of gaps within the homologous regions, as well as 
percent  identity,  are  indicated  for  each  region.  The  regions  of 
humanmouse Epo gene homology from exon 1 through exon 3 (be- 
tween regions H and l)  are not presented in this analysis, as they have 
been previously analyzed and published by Shoemaker and Mitsock.” 
D 
E 
F 
G 
H 
I 
J 
Table 2.  Repetitive Elements in Human Epo  Gene 
% Homology 
Location  Orientation  to Alu-cons 
Alu repeats in human 
Epo gene 
Alu 1 
Alu2 
Ah3 
Ah4 
Ah5 
Ah6 
Alu7-inc. 
Human direct repeat 
5 
3 
-4,595  to -4,296  F 
-3,694  to -3,395  R 
-3,202  to -2,903  R 
-1.5  19 to -1,220  R 
-844  to -545  F 
+1,429  to +1,732  F 
+3.567 to >+3,710  R 
-2.01  6 to -1,993  (24 bp) 
-  1,993 to -  1,970 (24 bP) 
91 
78 
82 
77 
86 
75 
75 
88 
~  ~  ~  ~ 
The new Alu repeats within the Epo 5’ and 3 flanking regions (Alul-5, 
and 7-inc )  were determined by homology to the Alu-consensus (alu- 
cons ) developed by Schmid and Jelinek ’’  Ab6  was identified by Lin et 
al  l5 The location and orientation (forward [F]  or reverse  [RI) of the repeat 
elements relative to the Epo transcriptional start site are indicated  A 
direct repeat that overlapped by one base was located and is described 
ments (Bl-c in IVS 2, Bl-d in IVS 4, and B1-e  in the 3’ 
UTR) and another B2 element (B2-b in IVS 4) within the 
mouse Epo gene transcription unit (Fig 2 and Table 3), for a 
total of  five copies of  Bl  repeat  elements (one copy per 
1,6  19 bp) and two copies of B2 repeat elements (one copy 
per 4,048 bp) within the 8,095 bp of mouse Epo gene. The 
expected distribution in the mouse genome is one B  1 repeat 
element per 6 to 10 kbZ7  and one B2 repeat element per 9 to 
15 kb.26  Therefore, both the human and mouse genes pos- 
sess an unexpectedly large number of short interspersed re- 
peats within and closely flanking the transcription unit. 
A schematic representation of the 3’  ends (IVS 4 into the 
3‘ flanks) of the human and mouse Epo genes is presented in 
Fig 2. The additional mouse sequence includes the physi- 
cally mapped polyA addition site at +3,715.”  As with the 
human Epo gene, there is no consensus polyA signal se- 
quence (AATAAA) apparent upstream of the polyA addi- 
tion site. The closest possible polyA signal in the mouse 
sequence is TTTAAA, at +3,682 to +3,687.28  The sequence 
AAGAAC located 10 bp 5’ of the poly A addition site in the 
human gene has been suggested as a potential polyA signal 
sequence.” 
Additional regions of homology (not indicated in Figs 1 
and 2 and Table 1) between those designated as H and I, 
have been analyzed and described in detail by Shoemaker 
and Mitsock.I6  The nucleotide sequence of the protein cod- 
ing regions are highly conserved as is the amino acid se- 
quence (88%  homology). They also noted extensive homol- 
ogy within the 5’ UTR and IVS  1 (the overall homology 
within IVS  1 is 65%), as well as within the regions H (Epo 
gene promoter) and I (extending from within IVS4 into the 
3’ UTR). With the addition of new mouse sequence, in par- 
ticular, it becomes clear that the homology between human 
and mouse at the 3’ end is much more extensive than previ- 
ously thought. The homology is interrupted in the mouse 
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Fig 2.  Regions of homology between  the human and mouse Epo gene IVS 4, exon 5, and 3 flanks. Schematics  of the human and mouse 
Epo genes from the beginning of intervening sequence 4 (IVS 4) through 758 bp and 1,001 bp of 3 flanking sequence, respectively. The 
coding sequence (CDS) and 3  UTR of exon 5 are indicated. Also depicted by boxes are regions I  and J, which have 74%  and 71  % homology 
between the human and mouse Epo genes (see Table 1  ). At the 3 end of the human  sequence, there is a member of the human repeat  family 
Alu (Alu7-inc.), which is incomplete because it extends into the unsequenced region (directional arrow). Two B1 elements and one 82 
element within the mouse sequence are also indicated by directional arrows (see Table 3). The human sequence presented includes 
sequence information from the HUMERPA GenBank file (accession no. M1131  915),  as well as the new sequence data generated from our 
clone in GenBank file HUM3PFEPO (accession no. L16588). The mouse sequence presented includes sequence information from the 
MUSERP GenBank file (accession no.  M12482’*),  as well as the new sequence data in GenBank files MUSERYTHRX (accession no. 
L13456) and MMERY (accession no. X73471). See text for details. 
gene by a B  1 repeat element (B  1 -e), thereby elongating the 3’ 
UTR of the mouse relative to the human gene. Thereafter, 
homology is contiguous through the putative polyA addi- 
tion sites to a location approximately 125 bp downstream of 
the 3’ oxygen-responsive enhancer positioned between the 
Apal  and Pvu2 sites in both the human and mouse Epo 
genes. 
The short  interspersed  families of  repeated  sequences 
(Ah, B1,  and  €32)  are  thought  to have  been  dispersed 
throughout the genome by  a transposon-like  mechanism, 
Table 3.  Repetitive Elements in Mouse Epo Gene 
Location  Orientation  % Homology 
B1 and 82 repeats within 
mouse Epo gene 
B1-a  -2,993  to -2,867  R  91 
B1-b  -2,249  to -2,116  R  86 
81-C  t1.176 to +1,314  F  66 
B1-d  +2,313  to +2,430  F  70 
B1-e  +3,140 to +3,306  R  71 
B2-a  -1,544  to -1,342  R  7% 
B2-b  +2,439  to +2,615  F  76 
Mouse direct repeat 
5’  -757  to -731  (27 bp)  100 (spaced 
3‘  -704  to -678  (27 bp)  by 26 bp) 
The mouse B1 (Bl-a and -b) and 82 (B2-a) repeats within the 5 flank 
and the direct repeats have been previously published.25  Consensus B1 
and 82 repeat elements were generated from eight B1 and eleven 82 
repeat element sequence GenBank files,  respectively, through analysis 
using the Pileup and Pretty  program^.'^ The B1 and 82 repeats within 
the Epo transcription unit were determined, respectively, by homology 
to the B1 and 82 consensus elements thus derived. The location and 
orientation  of the repeat elements relative  to the Epo transcriptional  start 
site are listed. The previously  described  direct repeat within the 5’flankZ5 
is also listed. 
which generates a duplication of the target sequences at the 
site of insertion such that direct repeats flanking the inser- 
tion are ~reated.”.~~,~~  Accordingly, the insertion  of Ah5 
resulted in the generation at its borders of direct repeats (in 
regions pF and F), which correspond to a single location at 
the Send  ofregion Fin mouse (Fig 1). Interestingly, both in 
the 5’  flank (regions C and D) and within the 3‘ UTR (re- 
gions I and J), the ends of homology regions that are sepa- 
rated in the mouse gene overlap in the human gene, sugges- 
tive of direct repeats flanking an insertion element in the 
mouse gene, but the putative insertion element thus defined 
is longer than the obvious repeat family member observed 
to be present (B2-a and B1-e, respectively). This suggests 
that the insertion event involved a DNA element that was 
longer than the observed B1 or B2  repeat family member. 
Indeed, there are also direct repeats immediately flanking 
the B2-a element,25  indicating that perhaps two separate in- 
sertion events occurred in this region, with the B2-a element 
inserting within a previous insertion element. 
There is usually no conservation of sequence in the DNA 
flanking a transcription unit except at regulatory regions. 
Therefore, the human:mouse  homology regions found ex- 
tending upstream of the Epo promoter, segments A through 
G, are  suggestive locations  to search  for  regulatory  ele- 
ments. The Alu elements may also play a role in the regula- 
tion of human Epo gene expression. Some Alu and B 1 ele- 
ments have been observed to contain  negative regulatory 
 element^.^'-^^ Transcriptional interference in which promo- 
tion from an upstream promoter interferes in cis with pro- 
motion from a downstream promoter has been proposed to 
be a possible mechanism of gene reg~lation.~~‘~’  Transcrip- 
tion  from  a promoter  located  approximately 4.4 kb up- 
stream of the t-globin gene has been proposed to repress 
t-globin gene expression by transcriptional 
Tissue- and differentiation-specific transcription  from  an 
Alu repeat element in reverse orientation 2.2 kb upstream 
For personal use only. on November 2, 2014.  by guest    www.bloodjournal.org From HUMAN AND  MOUSE ERYTHROPOIETIN GENES  3325 
of the t-globin gene has been demonstrated to have a posi- 
tive regulatory role in the transcription ofthis  gene by inter- 
fering with transcription  from the 4.4-kb upstream  pro- 
m~ter.’~,’~  Thus,  transcription  from  this  reversely 
orientated Alu element is required to allow high levels of 
t-globin gene transcription. There are additional examples 
of transcriptional  repression  in  cis by  neighboring tran- 
script~.~~’  If inhibition of constitutive Epo expression in 
non-Epo-producing tissues occurs  by a transcriptional inter- 
ference mechanism from a promoter  located within the 
-0.4-  to -5.6-kb  region of the human Epo gene (possibly 
even from an Alu  in forward orientation such as Alul or 
Alu5), then perhaps tissue-specific transcription from one 
of the Ah  elements in reverse orientation (ie, Alu2, 3, or 4) 
is required in Epo-producing cells. 
NOTE  ADDED  IN  PROOF 
Recently, Lee-Huang et ala published 3,892 bp of human 
Epo 5‘ flank sequence upstream of the Hind3 site derived 
from an independent Epo genomic clone that is 97.8% iden- 
tical to the sequence reported in this paper. They pointed 
out the presence of a CAAT box and three TATA boxes 
within this region, and suggested that these elements may 
serve as upstream promoters involved in the transcription 
of the Epo gene. This seems unlikely because these elements 
are not conserved in the 5’ flank of the mouse Epo gene. 
ACKNOWLEDGMENT 
We thank Kerry Blanchard and Anthony Acquaviva for generat- 
ing the 5’ human Epo deletion series in pXM. We thank Regina 
Young and Stuart Orkin for the human genomic Epo clone and 
Charles Shoemaker for the mouse genomic Epo clone. 
REFERENCES 
1.  Krantz SB: Erythropoietin. Blood 77:4 19, 199  1 
2.  Jelkmann W: Erythropoietin: Structure, control of produc- 
tion, and function. Physiol Rev 72:449, 1992 
3.  Goldberg MA, Glass GA, Cunningham JM, Bunn HF  The 
regulated expression of erythropoietin by two human hepatoma cell 
lines. Proc Natl Acad Sci USA 84:7972, 1987 
4.  Fandrey J, Bunn HF  In vivo and in vitro regulation oferythro- 
poietin mRNA: Measurement by competitive polymerase chain re- 
action. Blood 81:617, 1993 
5.  Semenza G, Wang GL: A nuclear factor induced by hypoxia 
via de novo protein synthesis binds to the human erythropoietin 
enhancer at a site required for transcriptional activation. Mol Cell 
Biol 12:5447, 1992 
6.  Semenza GL, Nejfelt MK, Chi SM, Antonarkis SE: Hypoxic- 
inducible nuclear factors bind to an enhancer element located 3’to 
the human erythropoietin gene. Proc Natl Acad Sci USA 88:5680, 
1991 
7.  Pugh CW, Tan CC, Jones RW, Ratcliffe PJ: Functional analy- 
sis of an oxygen-regulated transcriptional enhancer lying 3’  to the 
mouse erythropoietin  gene. Proc Natl Acad Sci USA  88:10553, 
1991 
8. Beck I, Ramirez S, Weinmann R, Caro J: Enhancer element 
at the 3‘-flanking region controls transcriptional response to hyp- 
oxia in the human erythropoietin gene. J Biol Chem 266:15563, 
1991 
9.  Blanchard KL, Acquaviva AM, Galson DL, Bunn HF  Hyp- 
oxic induction of the human erythropoietin gene: Cooperation be- 
tween the promoter and enhancer, each of which contains steroid 
receptor response elements. Mol Cell Biol  125373, 1992 
IO.  Madan A, Curtin PT: A 24-base-pair sequence 3’  to the hu- 
man erythropoietin gene contains a hypoxia-responsive transcrip 
tional enhancer. Proc Natl Acad Sci USA 90:3928, 1993 
11. Semenza GL, Dureza  RC, Traystman  MD, Gearhart JD, 
Antonarakis SE  Human erythropoietin gene expression in trans- 
genic mice: Multiple transcription initiation sites and cis-acting reg- 
ulatory elements. Mol Cell Biol  10:930, 1990 
12.  Semenza GL, Traystman M, Gearhart JD, Antonarakis S 
Polycythemia in transgenic mice expressing  the human erythropoie- 
tin gene. Proc Natl Acad Sci USA 86:2301, 1989 
13.  Semenza GL, Koury ST, Nejfelt MK, Gearhart JD, Anton- 
arakis SE  Cell-type-specific and hypoxia-inducible expression of 
the human erythropoietin gene in transgenic mice. Proc Natl Acad 
Sci USA 883725, 1991 
14.  Jacobs K, Shoemaker C, RudersdorfR, Neil1 SD, Kaufman 
RJ, Mufson A, Seehra J, Jones SS, Hewick R, Fritsch EF, Kawakita 
M, Shimizu T, Miyake T: Isolation and characterization of geno- 
mic and cDNA clones of human erythropoietin. Nature 3 13:806, 
1985 
15.  Lin F-K, Suggs S, Lin C-H, Browne JK, Smalling R, Egrie 
JC, Chen KK, Fox GM, Martin F, Stabinsky Z, Badrawi SM, Lai 
P-H, Goldwasser E: Cloning and expression of the human erythro- 
poietin gene. Proc Natl Acad Sci USA 82:7580, 1985 
16.  Shoemaker CB, Mitsock LD: Murine erythropoietin gene: 
Cloning, expression, and human gene homology. Mol Cell Biol 
6:849, 1986 
17. McDonald J, Beru N, Goldwasser E:  Rearrangement  and 
expression of erythropoietin genes in transformed mouse cells. Mol 
Cell Biol 7:365, 1987 
18.  McDonald JD, Lin F-K, Goldwasser E  Cloning, sequenc- 
ing, and evolutionary analysis of the mouse erythropoietin  gene. 
Mol Cell Biol6:842,  1986 
19.  Devereux J, Haeberli P, Smithies 0: A comprehensive set of 
sequence  analysis  programs  for  the  VAX.  Nucleic  Acids  Res 
12:387, 1984 
20.  Ullu E: The human Alu family of repeated DNA sequences, 
in Hunt T, Prentiss S, Tooze J (eds): DNA Makes RNA Makes 
Protein. New York, NY, Elsevier Biomedical, 1983, p 119 
2 1.  Schmid CW, Jelinek WR: The Alu family ofdispersed repeti- 
tive sequences. Science 216:1065, 1982 
22.  Jagadeeswaran P,  Forget BG,  Weissman SM: Short, inter- 
spersed  repetitive  DNA  elements  in  eukaryotes:  Transposable 
DNA elements generated by reverse transcription of RNA pol 111 
transcripts. Cell 26: 14  I, 198  1 
23.  Deininger PL, Jolly DJ, Rubin CM, Friedmann T, Schmid 
CW: Base sequence studies of 300 nucleotide renatured  repeated 
human DNA clones. J Mol Biol  15 I :  17, 198  1 
24.  Van Ardsell SW, Denison RA, Bernstein LB, Weiner AM, 
Mansur T, Gesteland RF: Direct repeats flank three small nuclear 
RNA pseudogenes in the human genome. Cell 26: 1 1, 198  1 
25.  Beru N, McDonald J, Goldwasser E: Activation ofthe eryth- 
ropoietin gene due to the proximity of an expressed gene. DNA 
8:253, 1989 
26.  Krayev  AS,  Kramerov  DA,  Skryabin  KG,  Ryskov  AP, 
Bayev AA, Georgiev GP  The nucleotide sequence of the ubiqui- 
tous repetitive  DNA  sequence  B1  complementary  to the most 
abundant  class  of  mouse  fold-back  RNA.  Nucleic  Acids  Res 
8:1201, 1980 
27.  Propst F, Vande Woude GF: A novel transposon-like repeat 
interrupted by an LTR element occurs in a cluster of B1 repeats in 
the mouse c-mos locus. Nucleic Acids Res 1223381, I984 
For personal use only. on November 2, 2014.  by guest    www.bloodjournal.org From 3326  GALSON ET  AL 
28.  Tan CC: Regulation oferythropoietin messenger RNA. PhD 
Thesis, National University of Singapore, 1992 
29.  Deininger PL: SINES: short interspersed repeated DNA ele- 
ments in higher eukaryotes, in Berg DE, Howe MM (eds): Mobile 
DNA. Washington, DC, American Society for Microbiology, 1989, 
p 619 
30.  Tomilin  NV,  Iguchi-Ariga SMM, Ariga  H: Transcription 
and replication silencer element is present within conserved region 
of human Alu repeats interacting with nuclear protein. FEBS Lett 
263:69,  1990 
3  1.  Saffer JD, Thurston SJ: A negative regulatory element with 
properties similar to those of enhancers is contained within an Alu 
sequence. Mol Cell Biol 9:355,  1989 
32.  Saksela K, Baltimore D: Negative regulation if immunoglob- 
ulin kappa light-chain gene transcription by a short sequence ho- 
mologous  to the  murine BI  repetitive  element.  Mol  Cell  Biol 
13:3698, 1993 
33.  Corbin V, Maniatis T: Role oftranscriptional interference in 
the  Drosophila  melanogaster  Adh  promoter  switch.  Nature 
337:219,  1989 
34.  Cullen BR, Lomedico PT, Ju G: Tra iscriptional  interfer- 
ence in avian retroviruses-Implications  for the promoter insertion 
model of leukaemogenesis. Nature 307:24  I, 1984 
35.  Proudfoot NJ: Transcriptional interference and termination 
between duplicated a-globin gene constructs suggests a novel mech- 
anism for gene regulation. Nature 322562, 1986 
36.  Allan M, Grindlay GJ, Stefani L, Paul J: Epsilon globin gene 
transcripts originate upstream of the mRNA cap site in K562 cells 
and normal human embryos. Nucleic Acids Res 10:5133, 1982 
37.  Allan M, Lanyon WG, Paul J: Multiple origins of transcrip- 
tion in the 4.5 kb upstream of the t-globin gene. Cell 35:187, 1983 
38.  Wu J, Grindlay GJ, Bushel P, Mendelsohn L, Allan M: Nega- 
tive regulation of the human e-globin gene by transcriptional inter- 
ference: Role ofan Alu repetitive element. Mol Cell Biol 10:1209, 
1990 
39.  Allan  M, Paul J:  Transcription  in  vivo of an Alu family 
member upstream  from the human e-globin gene. Nucleic Acids 
Res 12:1193, 1984 
40.  Laimins L, Holmgren-Konig M, Khoury G: Transcriptional 
“silencer” element in rat repetitive sequences associated with the 
rat insulin 1 gene locus. Proc Natl Acad Sci USA 83:3 15  1,  I986 
41.  Lowndes NF, Bushel P, Mendolsohn L, Wu J, Yen  M-Y, 
Allan M: A short, highly repetitive element in intron-I  of the hu- 
man c-Ha-ras gene acts as a block to transcriptional readthrough by 
a viral promoter. Mol Cell Biol  10:4990, 1990 
42.  Nepveu  A,  Marcu  KB:  Intragenic pausing  and anti-sense 
transcription within the murine c-myc locus. EMBO J 5:2859, 1986 
43.  Youssoufian H, Lodish H: Transcriptional inhibition of the 
murine erythropoietin receptor gene by an upstream repetitive ele- 
ment. Mol Cell Biol  13:98, 1993 
44.  Lee-Huang S, Lin J-H, Kung H-F, Huang PL, Lee L, Huang 
PL: The human erythropoietin-encoding gene contains a CAAT 
box, TATA boxes and other transcriptional regulatory elements in 
its 5’  flanking region. Gene 128:227. 1993 
For personal use only. on November 2, 2014.  by guest    www.bloodjournal.org From 